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ABSTRACT
A hypothesis for deterrnining the maximum viscosity of sodium
carboxymethylcellulose (or CMC) in salt solutions with respect to the
concentration of CMC, the ionic strength and the cation size of the salts is
proposed. The viscosity behavior of sodium carboxymethylcellulose in high
ionic strength solutions was studied by varying the concentration of the CMC
and the type of counterion. The object of this series of two experiments was
to determine the effect of valency, cation size and ionic strength on the
viscosity ofCMC in high ionic strength solutions. The viscosity data in this
study suggest some trends with regard to the effect of ionic strength and
concentration of CMC on the viscosity behavior of CMC in solution which
have been previously unreported. Additionally, some of the samples
exhibited characterisitics which suggest the possibility of gelation or
crosslinking of the polymer.
vn
I. INTRODUCTION
Sodium carboxymethylcellulose (CMC), commonly called cellulose
gum or methyl cellulose, a cellulose ether, is an anionic polyelectrolytic
flexible polymer. The polymer chain is composed of anhydroglucopyranose
units joined together by fi-l,4-glycosidic bonds. The -CH20CH2COONa
and the -OH groups and the glycosidic bonds are all equatorial with respect
to the mean planes of the rings. A monomer unit comprises two of the
anhydrous units and the 6-1,4-glycosidic bond. Figure 1 shows a unit
structure of CMC with a degree of substitution (DS) of 1, that is, 1 of 3
possible sites in each ring is substituted. The three possible sites for
substitution on each ring are the hydroxyl groups located on the C-2, C-3 and
C-6 (shown below) with the substitution distribution being C-2 > C-6 C-3
(C-2 being themost acidic).1 The CMC used in this study has aDS of0.7.
CH2OCH2COONa OH
0
0
CH2OCH2COONa
Figure 1. Unit structure ofCMCwith a DS of I.
CMC is usually marketed as a sodium salt since its acid form has poor
water solubility. CMC is prepared by reacting alkali cellulose with sodium
monochloroacetate. Alkali celluloses are derived from native celluloses such
as wood pulp, cotton lintel (material from cottonseed encasements), ramie
and certain bacteria.
CMC is frequently used as a thickening agent for aqueous solutions.
Some products that are manufactured using CMC include paint, printing ink,
cosmetics, pharmaceuticals, paper and household detergents. It is considered
physiologically inert and, therefore, finds widespread use as a food additive
(e.g., some ice-creams, puddings, gravies and sauces). The application of
interest for this study is for use as a gel-based topical drug delivery system to
skin and other moist tissue surfaces. CMC is used over other cellulose
preparations because of its increased moisture holding capacity and its
solubility at high ionic strength.
It has been shown that the higher viscosity CMC delivery systems have
increased contact time with moist surfaces. Increased contact time results in
an increase in the time for which the drug additive can be exposed to the
surface. CMC causes a colloidal osmotic pressure on tissue surfaces (the
polymer is too large to pass through the cell membrane) and may increase
comfort level. It is believed that CMC may have other therapeutic effects as
well, for reasons not yet known.
Used as a drug delivery system, CMC must have a stable viscosity
over a long period of time. The minimum shelf life for a medication
containing CMC should be 2 years with 3 - 5 years being optimum.
Some theoretical models for the structures of some celluloses prepared
from native celluloses2, and viscosity studies for the behavior of CMC in
ionic solutions are available3, and conformational studies of CMC in high
ionic solutions have already been undertaken4. After an extensive literature
search, no publications or works were found regarding the behavior of CMC
in the ionic strength ranges indicated in this study. Currently, CMC in
solution for use as a drug delivery system is being manufactured without the
use of an industry-wide standard model. It is probable that other solutions
where CMC is used as a thickening agent are also manufactured without the
aid of a standard guide for viscosity stabilization with respect to time and
solution components.
Prior studies determined that the salt concentration is, in part, a factor
that strongly influences the viscosity of the CMC in solution3'4. The purpose
for this study was to determine the viscosity behavior of sodium
carboxymethylcellulose in high ionic strength solution as a function of the
concentration of the CMC, the concentration of the salt, and the size of the
cation of the salt.
H. THEORY
A. VISCOSITY
Viscosity is defined as a friction within a fluid that resists flow. The
friction originates from the movement of the molecules within the fluid when
an external force is applied. A fluid at rest is at equilibrium. A force applied
to the fluid results in a restoring force, friction. The resistance to the applied
force within the fluid depends upon the nature of the fluid and is described as
its viscosity. In Figure 2 two parallel adjacent plates are separated by a
distance, y, the lower plate remaining stationary. If a stress, F, is applied to
the top plate the plate moves a distance, 1, with a velocity, v.
y
_ F'yygy ""'/?
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Figure 2. Relationship between appliedforce, F, and velocity, v.
The force per unit area, F/A, is given by o. The velocity gradient is
given by Av/Ay, and is the rate of shear. Shear displacement is defined as
Al/Ay and is called shear strain. The rate of shear is then (Al/Ay)/At , or
simply, Y. The proportionality between the force applied per unit area and
the velocity gradient is
cj = n Av/Ay = n Y (1)
where tj is the proportionality constant, the coefficient of viscosity, or more
simply the viscosity. Since the velocity gradient is not the same throughout
the liquid, the limiting case where both dv and dy approach zero must be
considered. Equation (1) becomes
a = t] dv/dy (2)
Equation (2) is known as Newton's Law ofViscosity.
Shear stress, o, is expressed in units of dynes/cm2 and shear rate, Y, in
sec-1. The unit for viscosity is then (dynes/cm2)/sec-1 , or poise. In this study
centipoise, cps, is the unit used for expressing the viscosity of all solutions.
Newtonian systems are characterized by a linear relationship between
shear stress, a, and rate of shear, Y. That is, if the force is doubled the
relative difference in speed between the two layers is also doubled, but the
coefficient of viscosity remains constant. The coefficient of viscosity, t|, is
the slope of this line. A plot of shear stress verses shear rate is shown in
Figure 3.
shear stress
y^ pseudoplastic (non-Newtonian)
/ -/"Newtonian
shear rate
Figure 3. Newtonian systems vs. non-Newtonian systems. The slope ofthe
line is the coefficient ofviscosity, n.
In the Newtonian systems the viscosity is a constant. Generally,
solutions of low molecular weight compounds follow Newton's Law of
Viscosity. Non-Newtonian systems are characterized by a variation in the
viscosity ofwhich one type is shown in Figure 3.
Pseudoplastic behavior is a time-independent shear-thinning (i.e., a
minning that results as a force, or shear stress, is applied). However, once
the shear is removed the viscosity instantly returns to its original state of high
viscosity. A pseudoplastic fluid displays a decrease in viscosity with an
increase in shear rate as shown in Figure 4. Note the variation in the slope of
the line for the pseudoplastic fluid that indicates a variable viscosity as a
function of shear rate.
V "
^^ Newtonian
pseudoplastic \^
shear rate
Figure 4. Viscosity vs. shear ratefor a Newtonian and apseudoplasticfluid.
Longer chain polymers are more susceptible to pseudoplastic behavior
because the chains tend to orient themselves in the direction of the flow.
Contrary to the time-independence of pseudoplasticity, some systems
may also exhibit another type of non-Newtonian behavior which is time-
dependent. This type of behavior, thixotropicity, is also characterized by a
shear thinning as a result of applied shear stress as shown in Figure 5, but it
differs from pseudoplasticity in that the apparent viscosity of the system
increases over time after the stress is removed. Some solutions may even
become a gel. This increase in viscosity is a function of time.
viscosity
*l /no shear
constant shear
time
Figure 5. Viscosity ofa solution exhibiting thixotropic behavior.
The viscosity behavior of a polymer in solution is partly dependent
upon the molecularweight, MW, of the polymer, which is, in turn, dependent
upon the degree of polymerization, DP, and the degree of substitution, DS.
The type CMC used in this study has a DP of ~ 3,200 and a DS of 0.7 (i.e.,
an average of 7 sites along a segment length containing 10
anhydroglucopyranose units are substituted). With an average MW of
-700,000, the CMC used in this study is considered a higher molecular
weight polymer. High molecular weight polymers are generally more viscous
than lower molecular weight polymers. The viscosity of a polymer involves
the absence or presence of chain entanglement. At high molecular weights
the chains are more susceptible to entanglement.
At low molecular weight there is a linear relationship between the
viscosity and the molecular weight with a slope of ~1. At higher molecular
weights for the same polymer the slope increases sharply to approximately
3.4. (As we shall see the viscosity does not become infinite.) This is
interpreted as a stronger dependency of viscosity on molecular weight at
higher molecular weights (presence of chain entanglements). Increases in
viscosity due to chain entanglements are specific to higher molecular weight
polymers. We would expect a critical chain length to be exceeded that would
give rise to the increase in viscosity. The experimental data in Figure 6
shows a break in the slope of the line which represents a range of the
molecular weights (because the data is plotted as log n versus log MW)
which is the critical molecular weight, Mc, for chain entanglements.
Log r\ y
LogMW
Figure 6. Log viscosity versus logmolecularweightfor a singlepolymer.
Entanglements differ from chemical crosslinking in that the chains are still
able to move freely within the solution. If the entangled chain were not able
to move freely, the solution would essentially become one large molecule as
in a gel. Consider a system where a polymer chain has a molecular weight,
M, and a degree ofpolymerization, n. The assumption is made that the chain
has entanglements at evenly distributed intervals with the molecular weight
and degree of polymerization between entanglements (also being uniform)
given by Me and ne, respectively. Then each molecule has M/Me
entanglements. At the first entanglement (called the primary coupling) the
10
reference molecule, Mo, is divided into two segments, each of average length
Me. The applied shear strain imparts a velocity, v0, to the reference molecule.
A fractional portion, s, of this velocity is transmitted to the molecule
entangled with M0, which we will call Mi. The velocity of the chains
involved in primary coupling is
vi = s v0 (3)
The entanglement of the molecule M2 with Mi is a secondary coupling and
the velocity imparted to M2 is
v2 = SV-! = s2vo (4)
Each subsequent higher order coupling results in a smaller fractional portion
of velocity transmitted to the next higher order molecule so that the velocity
given by the ithmolecule is
v, = s,v0 (5)
11
Now it can be seen that an infinite viscosity is not possible because the
fraction, s, becomes smaller as the order of entanglement increases. A
segment's friction factor, FVjS]/ , is given by
Fvfs,/ = \ V/ (6)
where t\ is the fraction ofFvjv per segment.
The viscosity resistance force, F^, for a molecule of degree of
polymerization, n, is
FVis = nv0 + Cinsvo + C2ns2vo + ... = nv0 (1+ C1s + C2S2 ...) (7)
The constant, Q, in Equation (7) is a weighting factor which decreases with
increasing i in order to account for the reduction in viscosity with increasing
order of coupling disallowing infinite viscosity at infinite order of coupling.
Q considers multiple entanglements of the chains including a higher orderM
with Mo, more than one entanglement of a molecule with another molecule
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and more than one entanglement of a molecule with several molecules. The
viscosity is then
n = ((pNa)2/ 1728) (lo5cyMe2) (Es'(2i - 1)3/2) n3-5 (8)
Equation (8) is the Bueche prediction for viscosity in the presence of
entanglements.5 Note the 3.5 order of viscosity dependency upon molecular
weight which is close to the 3.4 order of viscosity dependency upon
molecular weight found experimentally (see Figure 6).
In order to satisfy the requirement of electrical neutrality, a solution of
macro-ions must contain smaller counterions. The ionic strength (or total ion
concentration in solution) is an important variable to be considered when
studying systems of macro-ions in solution. For a single chain polymer in
solution the distance between the ends of a chain for any given configuration
is h. The average end-to-end distance , hav, for a polymer is simply the root
mean square
hav = (hav2) 1 (9)
13
Equation (9) is the general case for long chain polymers. A polymer
containing a glucose ring would have the form
hav2 = a [(b sina)2 + (2a + b cosa)2 ((1 + cos0)/(1 - cosO))] (10)
Equation (10) describes the monomer unit in terms of having bond lengths a,
b, and a and having bond angles a and 0 as shown in Figure 7.
Figure 7. A monomeric unit containing a glucose ringwith bond
angles a and 0.
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Consider a single chain polymer in solution as having a collection of
mass elements, m/, each located at a distance rj, from the center of mass of
the polymer. The average radius of gyration, R, is the square of the
weighted average ofr/2 for all the mass elements,
R2
=lmiTt*flmi (11)
For flexible polymers the radius of gyration, Rg, will depend on the
configuration. Over all configurations the average will be
Rg=((Zmln2)av/5:mJ)1/2 (12)
An assumption can be made that the elements, m7, over a long chain are
identical because they occur regularly and randomly. Then Rg can be
simplified to
Rg = ((Sr,-2)av/5;a)1'2 (13)
where a is the number ofelements or number ofbonds.
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In a method developed by Zimm and Stockmayer6 (derivation not
given) the radius of gyration and the end-to-end distance are related by
Rg2 = a2hav2/6 = a2p2M/6Mo (14)
Equation (14) considers the interaction between polymer segments and
solvent molecules, and their effect on end-to-end distance by equation (13),
where |3 is a factor specific to the nature of the individual polymer and is
solvent independentt, and the factor, a, is strongly solvent dependent, a is
slightly less than or equal to unity for a poor solvent and greater than unity
for a good solvent.
An expression for the relationship between radius of gyration and
electrostatic free energytt,Wei, is given by Hermans and Overbeek7 as
t p is a statistical segment length used for the mathematical treatment to account for perfect
flexibility of the chain, p is larger than the actual bond length, p =21/iJV for C-C chains with free
rotation, but will increase as further restrictions are imposed on the chain.
tt The electrostatic free energy, Wei, is related to the electric potential, i|/, by We, = J\|/dq, where
q is the charge.
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Wel = (3Z262)/(2DRe) { (1/K2Re2) - (3/2K5Re5)
[K2Re2
- 1 + (1 + Ire)2 e_2KRe] } (15)
(Note: For sufficiently large a, (a>1000), Re is substituted forRg in the case of flexible polymers,
Re = 0.875Rg)
where Z is the net charge on the ion and e is the individual charge so that
Z2e2 represents the charge over the surface of the polymer "sphere"; D is the
dielectric constant of the region considered (and D is considered to be
constant throughout the region); k is the Debye-Htickel constant which is
proportional to the square root of the mobile ion concentration in solution.
The expression for k is
k= [(87cK62)/(1000DkT)]1/2l1/2 (16)
where K is Avagadro's number and I is the ionic strength expressed as
I = VlZ&Zi2 (17)
17
In this model a uniform distribution of fixed charges along the polymer
segment is assumed. Hermans and Overbeek were able to show that this has
only a slight effect on the calculation of the electrostatic free energy. While
this model fails in the calculation of the electrostatic free energy for proteins
(proteins cannot be thought of as having a charge distribution of discrete
fixed charges) the model correctly predicts the effect of ionic strength. The
polymer in its uncharged state is less expanded than in its fully charged state.
When the polymer is fully expanded the electrostatic free energy is at its
maximum. The addition of smaller counterions to the polyelectrolyte
solutions (i.e., increased ionic strength) has the effect of lowering the
electrostatic potential, thus, altering the configuration of the chain. At low
ionic strengths (< 0.5M) this alteration is reflected as an increase in the radius
ofgyration. As the electrostatic potential is decreased by the increase in ionic
strength the radius of gyration is increased. The polymer is more fully
stretched and there is more freedom of mobility for the chains in solution.
This freedom of mobility is reflected by a decrease in the viscosity of the
solution as the chains tend to align themselves.
The effects of ionic strength on the viscous behavior discussed above
are valid for low ionic strengths and for the increase in ionic strength due to
univalent ions. The argument can be extended for divalent ions.
18
B. DISSOLUTION PROCESS FOR AMACROMOLECULE
1. Phase Separation
A phase is defined as a homogeneous, yet distinct portion of a mixture
separated by a definite boundary from the rest of the system. A system may
separate into distinct phases as a result of a change in the equilibrium due to
a temperature change or an imbalance in the components of the system.
Equilibrium between two phases (which we will call a and p) for a particular
component, i, is established when the chemical potential of that component in
both phases are equal.
H*
= Vf <18)
A thermodynamic quantity which expresses a change in chemical potential is
called the activity of a component, a/, and is related to the chemical potential
by
LI,. = LI,-"* RTlna; (19)
for an ideal solution where u/ is the standard state of the pure component.
To account for the deviation from ideal behavior from Raoult's Law an
19
activity coefficient, yh is introduced as a function of the mole fraction, x,-, of
a component
a,- = Y/X,- (20)
where y, is the activity coefficient for the rth component in solution. The
activity coefficient of a single ion in solution is not a measurable quantity
and, therefore, has no meaning for there must be at least two types of ions
present in the solution. For this reason, themean activity coefficient,
y(v+ + vj (or simply y); js introduced and defined as
yCV++Vj - y+V+ yV_ (21)
The Debye-Hiickel Limiting Law expresses the activity coefficient of a
component in amixture as
/cT In y = - Z282k /2D(1 + ica) (22)
20
where Z is the charge on the ion, 8, k and D are defined as in Equations (15)
and (16). Since k is proportional to the ionic strength, I, Equation (22) can
be rewritten as
logy= -B z+|z|
f/z (23)
where z is the charge of the ion and I is the ionic strength and B is
proportional to 8 and Tt.
The activity coefficient is simply a measure of the deviation from an
ideal solution either positive, m which case the activity coefficient will be >1,
or negative, in which case the activity coefficient will be <1. At high ionic
strengths the activity coefficient due to the added salts increases (due to the
decrease of the activity of the water) thereby reducing the activity coefficient
of the dissolved polyion and decreasing the solubility of the polyion. The
decrease in solubility often precipitates ions from solution. This type of
phase separation occurring at high ionic strengths is known as "salting out".
t For aqueous solutions at 25C, the value of B is 0.51(L7m)%
21
2. Dilute Solutions
The change from the solid phase to the liquid phase is accompanied by
an increase in the entropy of the system. This is true for all materials
regardless of the size of the molecular unit. A macromolecule is considered a
long chain of repeating units. The dissolution of a macromolecule is effected
by solvent molecules penetrating the crystalline unit freeing the individual
chains. Only when all of the units of the macromolecule are fully solvated
can the chain move away from the crystalline unit. Thus, the dissolution
process of a macromolecule differs from its small unit molecule counterpart
in that solvent molecules penetrate the crystalline unit freeing the
macromolecule. The structure of the chain in solution is not perfectly rigid,
but has some degree of flexibility between segments of the chain. A free
chain in solution will always assume the configuration which tends toward
the maximum entropy of the system, ASsys, that configuration in which there
is the greatest number of possible ways for the chain to attain its form. The
overall configuration of the free chain takes on the general shape of a random
coil. In 1934, W. Kuhn introduced random flight statistics as a way of
describing the coiling of the chain in solution.8 A particle undergoing
Brownian motion starts at a point A, and after Z deflections reaches point B.
The assumption is made that this particle is not restricted or influenced by the
presence of any other particle in the system.
22
The distance, x, between A and B is given by
x2 = Z(Ax)2 (24)
Equation 24 can be used, with modifications, to describe the chain end-to-
end distance of a random coil. For the sake of this discussion a polymer
consisting of only single chain carbon-carbon links (no branching and no
substituted carbons) will be considered. Figure 8 shows the criteria by which
the coil in solution is described.
Figure 8. Schematic ofa segment model coil.
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The tetrahedral structure of the carbon atom prohibits perfectly free rotation
about the C - C bond. As the carbons atoms are added to the chain, the
degree of flexibility along the chain increases. At some point we can
consider a segment of the chain to be perfectly flexible with respect to the
remainder of the chain. The chain is divided into segments of length I which
is the smallest length segment which can freely rotate in all directions.
Equation (24) can now be applied to a polymer to determine the average end-
to-end distance. The coil dimension is described by the root-mean-square
end-to-end distance,
Vr2
,which is given by
V?2
= n I (25)
where r is the average distance between the chain ends and n is the number of
segments.
As the individual chains separate and become completely solvent
bound the coil becomes swelled by the diffusion of solvent molecules into the
coil. The secondary valence forces within the macromolecule (intra
molecular forces) and between segments of two different macromolecules
(wter-molecular forces) define the exact conformation of the individual coil.
The upper limit of the concentration of intra-linkages on a chain is dictated
by random coil statistics. A given segment containing a linkage site will
24
either intra-link or inter-link depending upon the state of the coil with regard
to the links already in place.
The solvent molecules are free to move into and out of the solvent
bound macromolecule through diffusion. In very dilute solution the coils
exist, for the most part, independent of each other because of the great
distance between each of the coils. There is no significant secondary
bonding effect among the fully solvated coils which would influence the
overall character of the macroscopic solution. As the concentration of the
polymer in solution is increased there is a tendency for the chains to form
loose associations (secondary valence bonding) between segments of the
same chain and/or between segments of different chains resulting in the
formation of aggregates, or "gel coils". This is accompanied by an increase
in the viscosity of the solution. Chains may diffuse from the aggregates and
form new aggregates. The freedom of motion of a chain within a gel coil
depends on the density of the macromolecule within the gel coil. Figure 9 is
representation of a fully solvated low molecular weight macromolecule gel
coil compared to one of a highermolecular weight.
25
bound solvent
free solvent
<^~~^ volume of coil
r*tp macromolecule chain
Figure 9. (a) High molecularweightmacromolecular coil in a dilute solution
(b) Low molecular weightmacromolecular coil in a dilute solution.
Generally, the higher molecular weight polymers (Figure 9a) have a
lower coil density of the macromolecule within the volume of the fully
solvated "sphere". The density, p, of a sphere is given by
Psphere= m/(1/6 7td3) (26)
wherem is the mass of the pure chain and d is the diameter of the sphere.
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Since the mass of the macromolecule is given byM/Ka we can write
Psphere= M / (1/6 71 d3 KA) (27)
where M is the molecular weight average of the polymer and Ka is
Avogadro's number. A coil, however, is not a perfect sphere and since d is
proportional to the rootmean square end-to-end distance, Vf
2
, (r is the radius
of the spherical volume element) we obtain as the density of the coil
Pcon= constant M /(
Vr2 )3
(28)
From Equation (24) we see that
Vr2 is proportional toM, so that
rcoii a l/M^. That is, coil density increases with a decrease in molecular
weight.
For a given concentration of linkage sites there is a greater tendency
for the higher molecular weight chains to become inter-linked before lower
molecular weight chain mter-linking occurs. This can be explained from a
thermodynamic perspective. There is a tendency toward a decrease in the
entropy of a system, ASsys, when linking occurs. Inter-molecular linking
occurs when the ASsys decrease due to inter-linking is less than the ASsys
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decrease due to intra-molecular linking, mter-linking occurs as the coil
reaches the upper density limit because further intra-linking would result in a
contraction of the coil that would increase the internal energy of the coil - a
less preferred state. For a given concentration of linkage sites the internal
energy increase due to intra-linking is greater the higher the molecular weight
of the polymer.
One must keep in mind that this is a general relationship as solvent
effects may also influence the density of the macromolecule within the gel
coil. In a solution the segments of the macromolecules may form secondary
bonds with segments of the same macromolecule or other macromolecules,
or with solvent molecules. If the units of the chain preferentially combine
with solvent molecules over other chain segments (i.e., the energy of the
polymer-solvent state is the lower) the chain segments will ultimately be
spaced at greater distances from one another. The density of the chains
within this coil will be lesser. If, however, the preferred interaction is a
polymer-polymer interaction as a result of the solvent the resulting coil will
be more compact, a more dense gel coil. A solvent which encourages
polymer-polymer interaction is termed a "poor" solvent. A "good" solvent is
a solvent in which the chain segments preferentially combine with solvent
molecules. A good solvent more strongly solvates a polymer than a poor
solvent resulting in a chain-stiffening effect of the polymer. It follows that
the gel coils of a polymer dissolved in a good solvent will be of a lower
density than those of the same polymer dissolved in a poor solvent. An
equilibrium, unique to each polymer-solvent system, is established between
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the opposing forces of the intra-linking of chain segments and the association
of chain segments with solvent molecules. Solvation is temperature
dependent and generally polymer-solvent interactions increase with
increasing temperature. For some polymer-solvent systems, there exists a
temperature, 9, at which these opposing forces are balanced so that the coil
behaves as though there are no solvent influences, an ideal coil. A 6 solution,
then, is a solution in which the polymer behaves ideally with respect to
statistical random coil dimensions.
3. ConcentratedSolutions
The dissolution process of a macromolecule is slowed by the increase
in viscosity brought about by the diffusion of the macromolecule into the
solvent system. The chains move freely into and out of the aggregates as a
result ofBrownian motion so that an equilibrium is established between the
free chains and the aggregates. Solvation equilibrium depends on the
solvent (good solvent or poor solvent) and the polymer chain length. The gel
coils, as pictured in Figure 9, are free to move past one another and move
through the solution along with the bound solvent. This can be visualized as
a saturated sponge moving through a container of water. A critical
concentration for a concentrated polymer solution can be defined by the
amount of free solvent in the solution and the state of the polymer chains
with respect to the solvent. The critical concentration is the concentration at
which all the polymer chains are fully solvated and there is no unbound
solvent. Since polymers are not of a singular molecular weight, the critical
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concentration is a range of concentration values for the solution. The critical
concentration for a polymer is the highest possible concentration of the
polymer where the coils may reach their maximum extension in the volume
of the gel coil.
4. Gelation
A gel is considered a cohesive mass consisting of a liquid in which a
solid is dispersed in a network of fine aggregates throughout a continuous
medium. Gels are colloids in which the medium becomes viscous enough to
take on some of the characteristics of a solid. A gel may be elastic and jelly
like (such as a fruit jelly) or quite solid and rigid (such as a silica gel).
The phase change from a liquid to a solid is accompanied by a
decrease in the entropy of the system. This is also true for the phase change
from a concentrated liquid macromolecular solution to the gel phase. The
molecules in a solid are more ordered and no longer able to move freely. In a
gel phase, however, large segments of the polymer chains are still able to
move freely. The structure of the individual coil, whether in a dilute solution,
a concentrated solution, or a gel, remains unchanged. When the gel coils are
in close contact with one another they become crosslinked with each other at
some points. The degree of inter-crosslinking increases upon increased
concentration of the polymer (number of gel coils in solution) and is also
dependent upon the gel coil density determined by the molecular weight of
the polymer. (The number of inter-crosslink sites for a polymer of
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lower molecular weight is greater than that for a polymer ofhigher molecular
weight.) The number of crosslinks between segments of chains of different
gel coils increases until a single giant coil is formed, the macroscopic gel.
These crosslinks can be covalent links or secondary valence linkages.
Secondary valence linkages are not permanent or of great duration. They are
free to break open and reform at other sites. The macromoleculular coils,
however, are no longer able to move about freely as individual units. The
freedom ofmotion of the gel coil depends on the density of the gel coil which
is, in turn, dependent on the molecular weight of the polymer.
5. Crosslinking
Crosslinks are bonds that can be formed directly between two
segments of an individual chain, between two segments of neighboring
chains, or two chains may bond to a third common molecule. The crosslink
bonds are not as strong or rigid as the bonds within the chain itself.
However, the crosslink bonds prevent the chains from sliding past one
another adding a tensile strength to the system. Let us consider the crosslink
as a junction within a network of chains as in Figure 10.
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Figure 10. Crosslinkjunctionswithin a network.
In Figure 10 we see a crosslink between chains a, b and d, and a crosslink
between chains c, d and f. These junctions are ionic or covalently bonded
chain segments, or chemical crosslinks. Chain a has a "dangling end" not
attached to any other chain. A system with a high number of these dangling
ends would not have as great a tensile strength as a system with few dangling
ends. If a shear stress is applied from the left to the right as shown in Figure
10, chains d and e would pull against each another and these chains would
not separate until one of the chains breaks apart. This type of "link", or chain
entanglement, is aphysical crosslink.
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HI. EXPERIMENTAL METHODS AND RESULTS
The experiment was designed to monitor the viscosity changes over
time as a function of concentration of CMC, concentration of salt, and size
and valency of the cation. The study was done in two parts. The first series
of experiments monitored the viscosity behavior of three concentrations of
CMC in a series ofmonovalent and divalent salt solutions. Table 1 shows
the various CMC concentrations and ionic strengths used in preparing each
of the solutions for the first study.
Table 1. CMC concentration and Ionic Strength
Salt CMC, g/dL Ionic Strength, M
KC1 0.5 1.0
0.7 1.5
1.0 2.0
NaCl 0.5 1.0
0.7 1.5
1.0 2.0
MgCl2-6H20 0.5 3.0
0.7 4.5
1.0 6.0
CaCl2-2H20 0.5 3.0
0.7 4.5
1.0 6.0
SrCl2-6H20 0.5 3.0
0.7 4.5
1.0 6.0
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The first study was initially conducted using only NaCl for the salt.
The KC1 was added to this study to compare the monovalent NaCl with
another monovalent cation. The second part of the first study included the
divalent cations at higher ionic strengths (3.0M, 4.5M and 6.0M).
The results from the first study prompted further investigation into the
viscosity behavior of the CMC at higher ionic strengths of the divalent salts.
The second study examined only divalent salt effects at a single concentration
ofCMC, 1.0 g/dL, at the various ionic strengths listed in Table 2.
Table 2. Divalent Salt and Ionic Strength, Study 2
Salt Ionic Strength. M
MgCl2-6H20 1.0,2.0,3.0,
5.0, 6.0, 7.0,
8.0, 9.0, 10.0,
13.0, 15.0, 18.0
CaCl2-2H20 0.5, 1.0, 1.5,
2.0, 2.5, 3.0,
3.5, 4.0, 5.0,
6.0, 7.0, 8.0,
9.0, 10.0, 11.0
SrCl2-6H20 0.5, 1.0, 1.5,
2.0, 2.5, 3.0,
3.5, 4.0, 5.0,
6.0, 7.0, 8.0
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Previous work showed that order of reagent addition, mixing time and
temperature, pH of the solution, bacterial control, and the range of time after
preparation of the solution at which the viscosity readings were taken, are all
factors which affect the viscosity of the solution. All the solutions were
prepared by dissolving the CMC first followed by the addition of the salt.
The mixing times for each study were constant. All the solutions in the first
study were autoclaved immediately upon preparation for bacterial control. It
is known that temperature greatly reduces viscosity. In order to minimize the
effects of heat from autoclaving, the solutions in the second study were not
autoclaved, but stored in sterile vials in a cold room for bacterial control.
1. Reagents
The CMC that was used in this experiment was obtained from
Aqualon Company. The type and grade used was 7HOF (see Appendix
A). The concentrations of CMC studied were 0.5 g/dL, 0.7 g/dL and 1.0
g/dL for the first study and l.Og/dL for the second study.
The salts used were KC1 and NaCl (monovalent cations) and
MgCl2-6H20, CaCl2-2H20 and SrCl2-6H20 (divalent cations).
HPLC grade water was used in preparing all the solutions in the first
study. In the second study distilled water was purified to 18 Q-cm using the
Labconco Water Prodigy, model 90004.
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The pH was adjusted using 0.10M, 0.012M and 0.006M HC1 or
0.10M, 0.024M and 0.012M NaOH. Various concentrations ofpH adjusters
were used to keep the volume of the pH adjusters to aminimum.
2. Solution Preparation
The solutions in the first study were prepared in 1000 milliliter
volumes. The CMC was added to the water first allowing the CMC to
become completely visibly solvated. The salt was added next also allowing
complete visible dissolution of the salt. The pH was then adjusted to 7.0
0.05 by dropwise addition of the appropriate pH adjuster. The total mixing
time for all solutions was 60 minutes 5 minutes, including pH adjustment.
All solutions were prepared at a constant mixing speed of 2400 r.p.m.'s. The
solution was then divided into 20 mL aliquots and stored in 30-mL vials.
The solutions were autoclaved within 24 hours of preparation for bacterial
control under standard autoclave conditions (125C for 20 minutes, not
including ramp up time or ramp down time). The samples were then stored
at room temperature. The samples were brought to 25C 2C by constant
temperature bath for taking the viscosity readings.
The solutions in the second study were prepared in 500 milliliter
volumes. Since the divalent salts were hydrates the volumes ofwater used to
prepare each of the solutions were corrected for the increase in volume of
water due to the waters of hydration in order to maintain a standard ionic
strength across all solutions. The CMC was added to the pure water first
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allowing the CMC to become completely solvated. This solution was mixed
for 60 minutes. The salt was added next and mixed for 60 minutes. During
the final 10 minutes ofmixing the pH was adjusted by dropwise addition of
the appropriate pH adjuster. The total mixing time for all solutions was 120
minutes 5 minutes, including pH adjustment. (It was determined that
optimal mixing time for CMC solutions is 1 - 3 hours.)9 During the initial
addition of the CMC the speed of the mixer was adjusted from ~900 r.p.m.'s
to allow for minimal splash and optimal vortex within the solution. As the
CMC became solvated, the viscosity of the solution increased. The speed of
the mixer could then be increased without loss of either solution component.
For all the solutions the final speed of the mixer was adjusted to 2400
r.p.m.'s. This final adjustment occurred within the first 10 minutes ofmixing
time. The solution was then divided into 20 mL aliquots and stored in sterile
30-mL vials. In order to ensure proper bacterial control the samples were
stored in a cold room. The samples were brought to 25C 2C by constant
temperature bath for taking the viscosity readings.
3. InstrumentationAndMethodForData Collection
The solutions were prepared using the G. K. Heller, Corp. Type HST
ION mixer with a
2" diameter four-bladed propeller on a %" diameter, 9"
shaft. This mixer is outfitted with a tachogenerator that maintains the speed
within extremely close tolerances (allowing for fluctuation in line voltage)
and provides speed readout.
37
The viscosity of each solution was determined using the Brookfield
Digital Viscometer - RVTDT-II with the Ultra Low (UL) Adaptor. The UL
adaptor is a system of concentric cylinders as shown in Figure 1 1 .
Figure 11. Schematic ofthe concentric cylindrical arrangement
ofthe UL adaptor (not to scale). Shading represents sample
under investigation thatfills the space between the outer and
the inner cylinders.
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The outer cylinder is stationary and the fluid under study fills the space
between the two cylinders. The inner cylinder rotates with a known angular
velocity allowing a shear stress to be applied to the fluid. In this arrangement
the viscosity measurement is determined with modifications to the argument
which is discussed in the previous section. (See Figure 2 and accompanying
discussion, pp. 4-5.) The data for the higher viscosity solutions were taken at
spindle speeds ranging from 0.5 r.p.m.'s to 20 r.p.m.'s. The data for the
lower viscosity solutions were taken at spindle speeds ranging from 20
r.p.m.'s to 100 r.p.m.'s. (It has been shown in work performed concurrently
in this laboratory that the effect of varying the rate of shear does not affect
the pattern of viscosity behaviors exhibited by the solutions examined in this
study.)9
This viscometer is capable of outputting the data via the RS-232 output
signal device. The RS-232 signal updates once per second. The signal
device was linked to an IBM-8086 so that the output could be gathered and
imported to a text file. Each reading was done over a 4 minute interval. The
viscosity records (from the text file) from the 230th to the 250th reading
(representing the 230- to the 250-second time interval) were averaged and
taken to be the average viscosity reading for the particular solution for that
day. These daily averages were calculated using a database manager to
average and record the daily readings for each of the solutions. The average
viscosity for a particular solution was calculated using the average daily
viscosity readings from the period 2 weeks after solution preparation until 6
weeks after the solution preparation (8-10 readings formost solutions).
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4. Data andResults
Two solutions were selected from the second study to confirm the
presence ofpseudoplastic and thixotropic viscosity behaviors. CMC in 5.0M
CaCl2 was chosen to represent a lower viscosity solution and CMC in 7.0M
MgCl2 was chosen to represent a higher viscosity solution. Figures 12 and
13 show the viscosity versus shear stress for CMC in 5.0M CaCl2 and CMC
in 7.0MMgCl2, respectively.
In Figures 14 and 15 the viscosity data is plotted as a function of time
in order to confirm the presence of thixotropic behavior. Except for the last
data point, the data was collected at 10 second intervals. The final point in
both Figures 14 and 15 represent the initial reading of the same sample after
24 hours ofno shear.
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Figures 16 through 21 represent the results from the first study. In this
study the viscosity versus the concentration ofCMC was examined at various
ionic strengths using both monovalent and divalent salts. In Figures 16, 17
and 18 the viscosities for the CMC/monovalent salt solutions are plotted as a
function ofCMC concentration at a constant ionic strength as indicated in the
figures. Figures 19, 20 and 21 are the results of the viscosity study for the
CMC/divalent salt solutions. Again, the vicosity is plotted as a function of
CMC concentration at a constant ionic strength as indicated in the figures.
45
t>uu -
500 -
400 -
0
a
o
fsoo -
o
u
>
200 -
100 -
n _ 1
I
0.5 0.7
CMC Concentration, g/dL
Figure 16. Viscosity vs. Concentration ofCMC (MonovalentSalts, I=1.0M)
46
buu -
500 -
400 -
w
Q.
O
oo 1
200 -
100 -
A A
A
0 - j 1 "" l
A KCI
NaCl
0.5 0.7
CMC Concentration, g/dL
Figure 17. Viscosity vs. Concentration ofCMC (Monovalent Salts, I= 1.SM)
47
t>uu -
500 -
400 -
W
a
o
oo
200 -
100 -
A
0 -
1
1
A
1
1
,
* KCI
NaCl
0.5 0.7
CMC Concentration, g/dL
Figure 18. Viscosity vs. Concentration ofCMC (MonovalentSalts, I=2.0M)
48
^uu -
A
180 -
160 -
140 -
oo
o
ro
o
o
o
i
i
i
*
60 - A
*
40 -
4
20 -
0 - 1 1 11
0.5 0.7
CMC Concentration, g/dL
Figure 19. Viscosity vs. Concentration ofCMC (DivalentSalts, I= 3.0M)
49
140 -r
120 --
100 --
(0
Q.
80 4-
0)
o
O 60
<0
40
20 --
0.5
_!- 1
0.7
CMC Concentration, g/dL
Figure 20. Viscosity vs. Concentration ofCMC (DivalentSalts, I=4.SM)
50
120
100 --
80 --
M
a
o
t 60
o
u
w
>
40
A
?
20 --
0.5
i
0.7
CMC Concentration, g/dL
Figure 21. Viscosity vs. Concentration ofCMC (DivalentSalts, I=6.0M)
51
Figures 22 through 27 show the viscosity data for the solutions from
the first study plotted as a function of ionic strength.
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The viscosity data for the second study are plotted in Figures 28
through 30. All the solutions examined in the second study were prepared at
a single CMC concentration of 1.0 g/dL.
Magnesium Chloride
Figure 28.1 is the viscosity for the MgCl2 solutions versus the ionic
strength of the solutions. Figure 28.2 is a detail of this range which also
includes the standard deviation bars for each of the data points. (See
appendix B for standard deviation data.) Figure 28.3 shows the overlapping
of the standard deviation bars for the 7.0M - 13.0M MgCl2 range. When the
15.0M MgCl2 solution was prepared there was no visible precipitate
observed. Within several weeks a precipitate became noticeable as crystals
formed on the bottom of the vials. During this period the amount of visible
precipitate increased for this solution. The viscosity decrease occurring
during this period is represented in Figure 28.4.
There is only one data point represented for the 18.0MMgCl2 solution.
This viscosity reading was taken immediately after the solution was prepared
and no precipitate was observed then. After the solution was stored in the
cold room the entire solution appeared to have phase separated. The viscosity
could no longer be taken under the same conditions as the other solutions.
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Calcium Chloride
Figure 29.1 represents the viscosity data for the solutions prepared
using CaCl2. Figure 29.2 details the entire range of solutions with the
standard deviations and Figure 29.3 details the lower viscosity CaCl2
solutions. (See appendix B for standard deviation data.) Immediately upon
the addition of the salt to the solution a cloudy precipitate was observed for
all CMC/CaCl2 solutions.
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Strontium Chloride
Figure 30.1 represents the viscosity data for the SrCl2 solutions.
Figure 30.2 shows the standard deviations for the solutions represented in
Figure 30.1. Figure 30.3 shows the standard deviation detail for the 5.0M
through the 8.0M SrCl2 ionic strength solutions. (See appendix B for
standard deviation data.) All the SrCl2 solutions exhibited a cloudy
precipitate immediately upon the addition of the salt.
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IV. DISCUSSION
Prior studies on solutions of CMC indicate that this polymer exhibits
both pseudoplastic and thixotropic (non-Newtonian) viscosity behaviors.
Selected solution samples chosen from the second part of this study confirm
the presence of these behaviors. Figures 12 and 13 (pp. 41 and 42) can be
compared with Figure 4 (p. 7) which shows the decrease in viscosity with an
increase in shear rate indicating pseudoplastic behavior. Figures 14 and 15
(pp. 43 and 44) can be compared with Figure 5 (p. 8) which shows a
decrease in viscosity under constant shear stress followed by a return to a
higher viscosity after a time of no shear stress indicating thixotropic
behavior.
The effect of increasing the concentration of the macromolecule was
discussed in Section II B.2. The overall viscosity of a solution of
macromolecules increases with the increase in the concentration of the
macromolecule. This study confirms this trend for the monovalent salt
solutions in all concentrations of CMC (see Figures 16, 17 and 18, pp. 46,
47, 48) and for the divalent salt solutions at all concentrations of CMC (see
Figures 19, 20, and 21, pp. 49, 50, 51). (There is a slight decrease in the
viscosity of the SrCl2/CMC solution from 0.7 g/dL CMC to 1.0 g/dL CMC at
I = 3.0M that may be due to the specific CMC concentration and will be
discussed later in this section.)
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The first study was initially undertaken to determine the viscosity
behavior of CMC in solutions of monovalent ions with ionic strengths of
greater than 0.5M. It has already been established that the viscosity of
sodium carboxymethylcellulose decreases with an increase in ionic strength
in solutions of < 0.5M ionic strength using NaCl as the salt.3 It is shown in
this study that this trend continues or levels off for both the NaCl and the KC1
solutions for ionic strengths as high as 2.0M and for the various CMC
concentrations examined in this study (see Figures 22, 23 and 24, pp. 53, 54,
55). At every concentration of CMC and for each respective ionic strength
(e.g., comparing 1.5M KC1 and 1.5M NaCl at a CMC concentration of 0.7
g/dL) the viscosities of the KC1/CMC solutions are noticeably lower than
those of the NaCl/CMC solutions. In the presence of added salts the polymer
chain becomes more fully extended. This reduces the viscosity as the fully
extended chains tend to align themselves in the direction of an applied force
(see page 18). The ionic radius ofK+ is considerably larger than that ofNa+
(1.51 A and 1.02 A, respectively).* In a region where the solvent cations are
influencing the conformation of the CMC molecule the distance between the
pairs of interacting charges is greater for Na+ than for K+. For these
CMC/salt concentrations, it is believed that the larger cations are better able
to extend the CMC chain and will, therefore, have the effect of reducing the
viscosity of the solution.
The general viscosity trend (decrease in viscosity with an increase in
ionic strength) continues for MgCl2 (all concentrations of CMC) and for
t CRC Handbook of Chemistry and Physics, CRC Press, Inc., Boca Raton, Florida, 1988, F-105.
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CaCl2 and SrCl2 at CMC concentrations of 0.5 g/dL and 0.7 g/dL (see
Figures 25 and 26 - pp. 56 -57). A departure from this trend occurs with the
SrCl2 and possibly the CaCl2 solutions at a CMC concentration of 1.0 g/dL.
An increase in viscosity for these solutions can be seen from Figure 27 (p.
58). For this reason the second study was undertaken to examine the effects
the divalent salts on the viscosity behavior ofCMC at a broader range ofhigh
ionic strengths.
In the second study, we see a decrease in the viscosity of the
CMC/MgCl2 solution upon the addition of the salt (Figure 28.1, p. 60). This
initial decrease was also seen in the first study (see Figure 27, p. 58). As the
ionic strength is increased from 6.0M to 13.0M, however, there is a marked
increase in the viscosity. For these solutions no precipitate was observed.
Although no precipitate was evident immediately upon preparation of
the CMC/MgCl2 solutions, two of the solutions did exhibit a phase change
over time. Within several weeks ofpreparation of the 15.0M MgCl2 solution
a precipitate became noticeable. As the amount of precipitate increased, the
viscosity of this solution decreased (see Figure 28.4, p. 63). There is only
one data point for the 18.0M MgCl2 solution. Twenty-four hours after the
preparation of this solution the entire solution appeared to have phase
changed from a liquid to a semi-solid, paste-like consistency. The viscosity
could no longer be taken under the same conditions for this sample.
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Although there is only one viscosity reading available for the 18.0M
MgCl2 solution, it is notable that there is a sharp decline in the viscosity from
the 15.0M MgCl2 to the 18.0M MgCl2, however, this point still falls within
the error for the 15.0M (see Figure 28.1, p. 60). It is believed that at these
high ionic strengths the divalent magnesium cation may be either causing the
polymer chains to form loose associations (physical crosslinking) or actually
linking segments of one chain with segments of the same chain and other
chains (chemical crosslinking) (see pp. 31-32). It is possible that a critical
concentration ofMgCl2 must be reached before the crosslinked polymer falls
out of solution.
This same pattern ofviscosity behavior is also reflected in the solutions
prepared using CaCl2 and SrCl2 (see Figures 29.1 and 30.1, pp. 65 and 69,
respectively). Table 3 shows the ranges for the highest viscosities for the
CMC/divalent solutions prepared in the second study.
Table 3. High Viscosity Ranges for CMC/Divalent Salt Solutions
Salt Ionic Strength Range, M
MgCl2 7.0-13.0
CaCl2 7.0 - 9.0
SrCl2 0.5- 1.5
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For the CMC/CaCl2 solutions the highest viscosities are in the 7.0M -
9.0M ionic strength range. The range of ionic strengths for the highest
viscosities for the CMC/SrCl2 solutions is considerably lower (0.5M - 1.5M).
If the argument for the influence ofmonovalent cation size on the viscosity of
CMC in solution can be extended to divalent cations it would be expected
that the largest cation would influence the viscosity behavior sooner than the
smaller cations. The ionic radii ofMg2+ , Ca2+ , and Sr2+ are 0.72 A, 1.00 A,
and 1.26 A, respectively (see footnote, p. 73). The data from the second
study supports this hypothesis (cf. Figures 28.1, 29.1 and 30.1, pp. 60, 65
and 69).
At higher ionic strengths as the ionic strength increases and the
viscosity also increases, there is a possibility that the cations in solution cause
the CMC aggregates to interlink causing an increase in the viscosity of the
solutions (see p. 25). At still higher ionic strengths, however, all the
CMC/divalent solutions exhibit a sharp decrease in the viscosity. This may
be due to the salting out of the polymer from the solution or the crosslinked
polymer dropping out of solution (see pp. 19 - 21). It is more unlikely,
however, not confirmed, that the CMC polymer is salting out because the
ionic strengths chosen for this study are well below the solubility levels for
the respective salts. t No precipitate was observed for the CMC/MgCl2
solutions at higher ionic strengths immediately after preparation. However,
for all the CMC/CaCl2 and the CMC/SrCl2 solutions a haziness, possibly a
t The solubilities for CaCI^HjO, MgCI2 6H20, SrCI2-6H20 are 97.7 g/100 cc, 167 g/100 cc and
106.2 g/100 cc, respectively. (CRCHandbook ofChemistry and Physics, CRC Press, Inc., Boca
Raton, Florida, 1988, B2-80.)
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precipitate, was observed immediately upon the addition of the salt. This
may be caused by the larger Ca2+ and Sr2+ cations linking with the CMC link
sites at ionic strengths lower than that of smallerMg2+ cation.
An unexpected decrease in viscosity as the CMC concentration was
increased from 0.7 g/dL to 1.0 g/dL was observed for the CMC/SrCl2
solutions at I = 3.0M (see Figure 19, p. 49). However, the expected increase
in viscosity is shown again at I = 4.5M and I = 6.0M. It is believed that a
critical CMC concentration must be reached for a particular ionic strength
before the distance between the interacting pairs of charges can be overcome
which will result in the decrease in the viscosity of the solution. Below this
critical CMC concentration the viscosity will increase as the CMC
concentration is increased. Above this critical concentration of CMC the
viscosity will decrease as a result of the effect of the cation upon the CMC
molecule. This area of study needs to be investigated further.
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V. CONCLUSION
This study unveils previously unreported viscosity behaviors of sodium
carboxymethylcellulose (CMC) in the presence of added salts at high ionic
strengths. The systems under study are very complex systems that involve
the influence of ionic strength, cation valency, cation size and concentration
of CMC. The two series of experiments examined the influence of
monovalent and divalent salts on various concentrations of CMC. The data
in the first series of experiments supports the theory that as the concentration
of the CMC is increased the viscosity of the solution also increases or
remains constant. However, it is shown in this study that the CMC/SrC12
solutions do not follow this trend. Furthermore, the results from the first
series of experiments also support the theory that at lower ionic strengths the
addition ofmonovalent salts has the effect of decreasing the viscosity of the
solution. In this study one (or possibly two) of the divalent salts did not
follow this expected pattern of viscosity behavior prompting a further
investigation into the behavior ofCMC in the presence ofhigh ionic strength
divalent solutions. The second study examined the behavior of CMC at a
single concentration of 1.0 g/dL CMC. This is the CMC concentration at
which the departure from the expected viscosity behavior was observed in the
first study. (At 0.5 g/dL and 0.7 g/dL CMC concentrations the solutions
prepared using divalent salts did follow the trend.) The characterization of
the precipitates in the CMC/divalent solutions would lend insight as to the
behavior ofCMC in divalent ionic solutions.
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After thorough review of all the viscosity behavior patterns for CMC
in electrolyte solutions it is hypothesized that there may be a triple point
convergence with respect to the CMC concentration, the ionic strength and
the cation size in which the maximum viscosity for a particular system is
reached for CMC/divalent solutions. In order to test this hypothesis further
studies must be undertaken which should include various concentrations of
CMC with a narrow focus on the ionic strength ranges indicated in Table 2
(page 34) which exhibit the highest viscosities for the respective divalent
solutions.
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APPENDTXA
TYPES AND GRADES OF AQUALON CMCt
GRADES
Grade Designation Intended Use
Food F Food, cosmetic, pharmaceutical
Pharmaceutical P Cosmetic, pharmaceutical
Standard None Industrial
Note: The "O " type designation in the 7HOFCMC used in this study is a special type which indicates that
this typeprovides the best solubility and storage stability in acidmedia.
DEGREE OF SUBSTUTION
Type Substution Range(a) Sodium Content, %
7 0.65 -0.90(b) 7.0-8.9
9 0.80-0.95 8.1-9.2
12 1.15-1.45 10.5-12.0
(a)Ranges shown in this table are not necessarily current specifications.
(b) In 7S types, the upper limit of substitution is 0.95.
VISCOSITY TYPES
Designation Viscosity Type
H High
M Medium
L Low
tAqualon, Sodium Carboxymethylcellulose - Physical andChemical Properties, Technical
Bulletin 250-10E, 1993.
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APPENDIX R
STANDARD DEVIATION DATA FOR SELECTED FIGURES
1. Standard Deviation Data for CMC/O.OM - 6.0MMgCl2 (Figure 28.2).
Ionic Strength. M Viscosity StandardDeviation
0.0 352.1 31
1.0 180.3 8
2.0 195.6 6
3.0 207.9 7
5.0 245.1 9
6.0 252.7 6
2. Standard Deviation Data for CMC/7.0M - 15.0MMgCl2 (Figure 28.3).
Ionic Strength, M Viscosity Standard Deviation
7.0 6784.4 298
8.0 6979.3 855
9.0 6489.2 704
10.0 7130.6 1179
13.0 8504.9 631
15.0 6840.3 3381
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3. Standard Deviation Data for CMC/O.OM - 1 1.0M CaCl2 (Figures 29.2-3).
Ionic Strength. M Viscosity StandardDeviation
0.0 352.1 31
0.5 1610.5 128
1.0 775.2 46
1.5 662.2 40
2.0 591.4 47
2.5 630.8 35
3.0 702.8 31
3.5 785.5 36
4.0 909.7 38
5.0 1039.4 52
6.0 1223.9 66
7.0 3058.4 425
8.0 3043.5 217
9.0 2749.2 306
10.0 520.6 13
11.0 218.5 8
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4. Standard Deviation Data for CMC/O.OM - 8.0M SrCl2 (Figures 30.2-3).
Ionic Strength, M Viscosity StandardDeviation
0.0 352.1 31
0.5 5724.1 650
1.0 5561.1 885
1.5 3573.2 311
2.0 3494.8 444
2.5 3725.1 311
3.0 3416.4 367
3.5 3419.8 264
4.0 1578.8 91
5.0 873.2 27
6.0 397.6 15
7.0 132.3 6
8.0 53.3 2
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